Abstract: Iron L-edge, iron K-edge, and sulfur K-edge X-ray absorption spectroscopy was performed on a series of compounds [Fe III H3buea(X)] n-(X ) S 
Introduction
Hydrogen bonding is thought to play an important role in modulating the reactivity of many chemical and biological systems by tuning substrate binding and active site geometric and electronic structure. 1,2 Many active sites have highly conserved H-bonds which appear to be key to function as their mutation greatly reduces reactivity. 3 The functional role of these H-bonds has been extensively investigated using different experimental and computational techniques. 4 There are few studies addressing the effects of H-bonding on the electronic structure of inorganic complexes and, in particular, active sites having sulfur ligands. [5] [6] [7] [8] [9] Fe-O and Fe-S bonds are present or thought to be present at the active sites in a large variety of proteins having a wide range of activities. While active sites using Fe-O bonds are mainly involved in O 2 activation (e.g. oxygenases), Fe-S sites are mainly involved in electron transfer (rubredoxins, feredoxins, etc.). There are also a number of catalytic Fe-S active sites (P450, superoxide reductase, nitrile hydratase, etc.) that are important in nature. [10] [11] [12] All of these sites show multiple H-bonding interactions from the protein backbone to the O or S ligand that are thought to play vital roles in tuning the active site reactivity. The importance of H-bonds in biomolecules has inspired the design of synthetic ligands that satisfy the valence requirements of a transition metal ion and also provide specific H-bonding environments. For example, numerous porphyrin complexes have been reported that place H-bond donors proximal to an iron center in order to mimic the active sites of hemoglobin, myobglobin, and cytochrome C oxidase. 13, 14 More † Department of Chemistry, Stanford University. § Kansas University. ‡ Stanford Synchrotron Radiation Laboratory, Stanford University. Figure 1 is one such example and has been used to prepare Fe III complexes with terminal oxo, hydroxo, and sulfido ligands. [16] [17] [18] These complexes provide the unique opportunity to compare the electronic structures of monomeric complexes containing Fe III sX (X ) O 2-, OH -, S 2-) bonds that have the same primary and secondary coordination spheres. Moreover, they allow evaluation of the effects that H-bonds have on the properties of iron complexes with these terminal ligands. X-ray absorption spectroscopy (XAS) is a powerful physical method that can provide information about the electronic structure of a transition metal site. 19, 20 This method is element specific, thereby providing a direct probe of the valence orbitals of the metal center. The ground state of a metal complex is given as a linear combination of metal and ligand valence orbitals. The normalized ground-state wave function is given as where R, , γ, and δ represent the coefficients of the metal 3d, ligand orbital (mainly np), metal 4p, and metal 4s components of the wave function, respectively, and 2 > 0 reflects the covalency of the metal-ligand interaction. Metal K-edge XAS provides an estimate of the Z eff (effective nuclear charge) of the metal from the energy position of the "rising-edge" (i.e. Fe 1s fFe 4p ) transition. The intensity of the Fe 1s fFe 3d transition (pre-edge) is a direct measure of the %Fe 4p mixing into the Fe 3d orbitals (i.e. γ in eq 1) which, in turn, depends on the geometry of the Fe center. Fe L-edge XAS probes the electric dipole allowed Fe 2p fFe 3d transitions. The intensity of this feature is directly proportional to, and can be used as a measure of, the %Fe 3d character in the half and unoccupied M 3d orbitals (i.e. R 2 in eq 1). S K-edge XAS probes the S 1s fS 4p transition which is indicative of the Z eff on the S atom. Due to covalent mixing of the S 3p orbitals into the Fe 3d orbitals, a pre-edge feature is also observed in the S K-edge XAS of transition metal complexes whose integrated intensity is directly proportional to, and thus quantifies, the %S 3p character in the half and unoccupied M 3d orbitals (i.e.
in eq 1). 21, 22 Hence, this combination of XAS techniques can be used to experimentally estimate the ground-state wave function, which can then be used to obtain insight into the electronic structure and its contribution to the reactivity of active sites.
In this study we use Fe K-edge, Fe L-edge, and S K-edge XAS to define the ground-state wave functions of a series of complexes [(H 3 buea)Fe III-X] n-(X ) S 2-, O 2-, and OH -). These experimental descriptions are then used to evaluate the results of density functional theory (DFT) calculations. This combination provides further insight into the nature of Fe-X bonding, where X ) O 2-and S 2-ligands, and the effects of H-bonding on these. This study is further extended to consider the effects H-bonding in a hypothetical Fe IV soxo system having the same [H 3 buea] 3-ligand; these results are compared to those for heme-oxo species and used to define the features that may be present in biologically relevant ferryl species. XAS Data Collection. X-ray absorption spectra were recorded at the Stanford Synchrotron Radiation Laboratory (SSRL) on the 31-pole wiggler beam line 10-1 and bending magnet beam line 8-2 (Fe L-edges), bending magnet beam line 2-3 (Fe K-edges), and 54-pole wiggler beam line 6-2 (S K-edge) under ring operating conditions of 70-100 mA and 3 GeV. Details of the beam line optics have been described in previous work. [24] [25] [26] For all XAS experiments, samples were prepared in a dry nitrogen-filled glovebox. For Fe L-edge measurements the samples were finely ground and spread across double-sided adhesive conductive graphite tape and attached to a copper paddle, aligned 45°t o the incident beam under an inert atmosphere (<0.5 ppm O 2), as described previously. 27 All measurements were made at 20 ( 5°C. The energy was calibrated from the Fe L-edge spectrum of Fe 2O3, run at intervals between scans. The second feature in the L3 and the first feature in the L2 edges were calibrated to 708.5 and 720.1 eV, respectively. Data were taken over the range 670-830 eV to permit normalization, as described previously. 24 A step size of 0.1 eV was used over the edge region (700-730 eV), and 0.5 eV steps over the remaining regions. Two arc tangents were subtracted from the spectra:
where k ) 0.295 was obtained from the experimental fit 5, 6 and I2 ) I1 + 12.3 eV (where I2 is the energy of the L2 feature relative to that of I1 of L3, split by spin-orbit coupling) was used to model the L3 and L2 edge jumps, as described previously.
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The error reported represents the range of integrated intensity, calculated as above, based on at least three repeat measurements of the same spectra on different dates.
For Fe K-edges the samples of each of the compounds were mixed with boron nitride and ground into a fine powder. The powder was loaded into a 1 mm thick Al spacer and sealed with 63.5 µm Mylar tape windows. Fe K-edges were measured in transition mode with N 2-filled ionization chambers to k ) 9.5 Å -1
. A total of 2-3 scans were measured per sample to ensure reproducibility. Energies were calibrated against the first inflection point at 7111.2 eV of an internal foil standard. 28 A second order polynomial was fit to the pre-edge and subtracted from the data. A two-segment spline of order two was fit to the EXAFS region, and all data were normalized to the edge jump at 7130 eV.
For S K-edge XAS experiments the samples were ground into a fine powder and dispersed as thinly as possible on sulfur-free Mylar tape. This procedure has been verified to minimize self-absorption effects. The sample was then mounted across the window of an aluminum plate. A 6.35 µm polypropylene film window protected the solid samples from exposure to air during transfer from the glovebox to the experimental sample chamber.
Fitting Procedure. Fits to the Fe and S K-edges were performed using the program EDG_FIT. 29 Second derivative spectra were used as guidance to determine the number and position of peaks. Pre-edge features were fit using pseudo-Voigt line shapes (sums of Lorentzian and Gaussian functions). This line shape is appropriate as the experimental features are a convolution of a Lorentzian transition envelope and a Gaussian line shape imposed by the beam-line optics. 30,31 A fixed 1:1 ratio of Lorentzian to Gaussian contribution successfully reproduced the pre-edge features. The rising edge functions were also fit with pseudo-Voigt line shapes. Good fits reproduce the data using a minimum number of peaks. Fe K-edge fits were performed over several energy ranges as described in reference 27. The reported intensity values and standard deviations are based on the average of all good fits. Normalization procedures can introduce a ∼3% error in pre-edge peak intensities in addition to the error resulting from the fitting procedure. 32 DFT Computational Details. All calculations were performed on dual-CPU Pentium Xeon 2. and Perdew 37 were employed. The molecular orbitals were plotted using Gopenmol ver.2.2, and the Mulliken 38 population analyses reported were obtained from the output of the ADF program. For the energy level diagrams the energies of the d orbitals in different complexes (which have different charges) are referenced to the terminal C-H bonding orbitals of the ligand. Energies were estimated by performing singlepoint calculations on the optimized geometries using the 6-311+G* basis set with the Gaussian 03 package. 39 The solvation calculations were performed using the PCM 40 model with CH2Cl2 as solvent. These numbers were also estimated using the COSMO 41 solvation model in the ADF package using an of 8.9 for CH 2Cl2, which gave very similar results. (Table 1) corresponding to ∼68(9)% Fe 3d character per orbital implying that, within error, the unoccupied d character on the metal is very similar for all three compounds. 42 The Fe L-edge intensityweighed energy positions and branching ratios ( 25 at ∼7113 eV ( Figure 3 , expanded scale inset). The intensity of this transition is mostly derived from and reflects the mixing of Fe 4p character into the unoccupied Fe 3d manifold. Weaker quadrupole allowed Fe 1s fFe 3d transitions also contribute to this intensity. Their relative contributions can be quantified by fits to the data and background ( Information) with two peaks of approximately equal intensity (9.6 and 11.6 units) spaced 1.1 eV apart at 7113.8 and 7113.9 eV ( Table 2 ). The [Fe III H 3 buea(S)] 2-feature was also fit with two peaks, which were 1.0 eV apart, with most of the intensity (17.7 units) concentrated in one peak at 7112.9 eV, and the [Fe III H 3 buea(OH)] -pre-edge was fit well with just one peak at 7113.4 eV having 25.2 units of intensity. These differences reflect ligand field effects at the Fe III center (vide infra). Ligand K-Edge XAS. The S K-edge XAS of the [Fe III H 3 buea-(S)] 2-complex shows an intense pre-edge transition at 2469.8 eV (Figure 4 ). This feature is assigned to an envelope of S 1s fFe 3d transitions. The intensity is proportional to the %S 3p mixed into the five singly occupied Fe 3d orbitals. Fitting the data gives a pre-edge intensity of 2.3 ( 0.05 units which corresponds to 82% S 3p orbital character summed over the five half-occupied Fe 3d orbitals (calibration is described in reference 44). As a reference, the S K-edge spectrum of two well-studied complexes, Et 4 N[Fe III (SPh) 4 ] and (Et 4 N) 2 [Fe III 2 S 2 Cl 4 ], are included in Figure 3 . The higher intensity of [Fe(H 3 buea)S] 2-relative to these references indicate that the terminal sulfide is more covalent than a bridging sulfide or a terminal thiolate.
Results

A. XAS. Metal L-Edge
B. DFT Calculations. Geometry optimized DFT calculations were performed on the three complexes. While the optimized Fe-X and the Fe-N equatorial bond lengths and angles are in good agreement with the published crystallographic data (Table 3) 2 orbital has a σ interaction with the axial ligand X and with the N axial 2p z orbital, the latter being a relatively weak ligand due to its longer Fe-N axial distance. The d yz,xz and the d x 2 -y 2 ,xy orbitals (both sets transform as E in C 3 symmetry) mix with each other, as the Fe is shifted out of the equatorial plane and has π interactions with the np x,y orbitals available on the X ligand (x,y also transform as E in C 3 ). The sulfido complex is more covalent than the oxo complex based on the sum of the ligand np orbital character in the half-occupied (i.e. unoccupied in spin unrestricted calculation) Fe 3d orbitals (61% S 3p vs 49% O 2p ). Note that the additional π interactions available for terminal oxo and sulfido ligands increases the Fe-X bond covalency and decreases the Fe-X bond length relative to HO -or RS -ligands where one of the np orbitals is involved in the O-H/S-C σ bond.
The MO calculations indicate that there is about 6%, 7%, and 8% Fe 4p mixing in these Fe 3d orbitals in the oxo, sulfido, and hydroxo complexes, respectively. This Fe 4p mixing into the Fe 3d based orbitals provides a mechanism for introduction of intensity into the pre-edge of the Fe K-edge XAS. The orbital splitting pattern and the 4p character distribution in these orbitals and the relative covalencies of the complexes from the Fe K-edge, Fe L-edge, and S K-edge data are used below to experimentally evaluate these DFT calculations. These calculations will then be used to estimate the effects of H-bonding in the Fe III-O and the Fe III-S complexes.
Analysis
A. Evaluation of DFT Calculations Using XAS.
Properties of the ground-state wave functions obtained from the geometry optimized DFT calculations at the BP86 level are tabulated in (Table 4 , column 1 in parentheses). MO calculations show that the OH group is less covalent than the S or O group; however, this is compensated by the increase in covalency from the strong amide donors (increase in %N 2p in the Fe 3d manifold) and does not result in a significant change in Fe 3d population. The %S 3p character in Fe III-S is calculated to be 12% (Table 4 , row 2) and is in reasonable agreement with the experimentally observed value of 16% from S K-edge intensity.
The calculations further show that there is significant Fe 4p mixing in the two E sets of the Fe 3d orbitals. 45 This large mixing is due to the C 3 symmetry axis associated with these complexes. This is in addition to the Fe 4p z mixed into the d z 2 orbital due to the lack of inversion along Z. The additional 4p x,y orbital mixing is reflected in the higher pre-edge intensity (21-28%) (45) Note that even though the calculations underestimate the 4p mixing, they reproduce the intensity distribution of the pre-edge feature (vide infra). Å) . This is reflected in the trend in the Fe K-edge preedge splitting: oxo > sulfide > hydroxo. The pre-edge regions of these complexes were simulated (Figure 6 ) using the DFTcalculated Fe 3d and Fe 4p characters (scaled by appropriate transition moment integrals for Fe 1s fFe 3d and Fe 1s fFe 4p ) and the energy splittings of the five Fe 3d molecular orbitals. These results correlate with the experimental data, as shown in Figure  6 , particularly the broadening of the Fe-O pre-edge. Taken together, these results indicate that the DFT calculations have acceptably reproduced the experimental ground-state properties.
B. Comparison of the Fe III sO and Fe III sS Bonding. The evaluation of the Fe-X bond energy and the H-bonding energy in this ligand system is complicated by the fact that the H 3 buea ligand can H-bond to itself. To uncouple this effect, the complete model of the H 3 buea ligand system ( Figure 7A , H-bonded) was modified by eliminating the H-bond donor amide-arms of the ligand ( Figure 7B, no H-bond) . The H-bonding was then simulated by introducing three H 2 O molecules ( Figure 7C , H-bond from H 2 O) around X in an approximately C 3 arrangement and the geometry of the system was then fully optimized.
Without H-bonding both the Fe III -O and the Fe III -S bonds are very covalent, as evident from the large ligand np mixing into the antibonding Fe 3d manifold (73% O 2p and 81% S 3p , Table  5 ). The Fe-S bond is more covalent than the Fe-O bond. However, the calculated Fe III -X bond stretching frequencies (681 cm -1 for Fe-O and 369 cm -1 for Fe-S) indicate that the Fe-X bond force constant of the Fe III -O bond is higher (3.55 mdynes/Å) than that of the Fe III -S bond (1.87 mdynes/Å). 46 Their relative bond strengths are also reflected in their Fe-X bond energies (calculated from fragment dissociation in CH 2 -Cl 2 solvent), which show that the Fe III -O bond energy is about -102 kcal/mol, significantly higher than the Fe III -S bonding energy of -62 kcal/ mol. 47 Note that, although the coefficients (46) Note that the force constant for Fe-O is expected to be higher than that of Fe-S by a factor of 1.44 due to higher mass of S (32) relative to O (16) . However, here the ratio is 1.9 which indicates that the Fe-O bond is stronger than the Fe-S bond.
(47) The bond energies calculated here are ∆E's. To estimate realisitic ∆G's for these reactions one needs to account for the pKa's of these dianaionic ligands in addition to entropy effects. The ∆E's provide relative binding energy estimates due to differences in bonding. of mixing indicate that the Fe-S bond is more covalent, the covalent contribution to the bond energy can be approximated by R 2 ∆ (where R 2 is the ligand character per orbital and ∆ is the energy gap between acceptor Fe III orbitals and the donor X 2-orbitals before bonding) and ∆ is higher for oxo due to its higher electronegativity. The difference in ∆ can be estimated from the OfFe and SfFe CT bands of [Fe III H 3 buea(O)] 2-(at 395 nm) and [Fe III H 3 buea(S)] 2-(at 575 nm) complexes to be 0.65 eV (higher for oxo, theoretical estimate of 0.8 eV from the DFT calculated ground state). Thus even though R 2 is higher for the Fe III -S complex, the Fe III -O complex has a greater value for ∆, leading to a larger covalent contribution to the bond energy, which is estimated to be 8 kcal/mol more than the Fes S covalent contribution to the bond energy. The Fe III -O unit also has a larger ionic contribution because of the higher charge density on the iron and oxo centers (which reflects its lower covalency relative to the sulfido), which also contributes to its greater bond energy and force constant. The ionic contribution can be estimated from calculated NPA charges on the ligand atoms coordinated to the Fe III center, which is approximately 25 kcal/mol greater in [Fe III H 3 buea(O)] 2-than in [Fe III H 3 buea(S)] 2-. 48 C. Effects of H-Bonding. On going to the H-bonded H 3 -buea complex ( Figure 7B to Figure 6A ) the Fe-X bond lengths increase from 1.74 to 1.81 Å for Fe III -O and from 2.17 to 2.23 Å in Fe III -S (Table 5) . Associated with these bond length increases, the Fe-X bond covalency is reduced to 49% from 73% in Fe III -O and to 61% from 81% in Fe III -S (Table 5) . The same increase in bond length and decrease in covalency on H-bonding is observed in the oxo and sulfido complexes H-bonded to three H 2 O molecules ( Figure 7B to C and Table  5 ). The calculated Fe-X force constants for the H-bonded complexes decrease significantly, from 3.55 to 2.65 mdynes/Å for Fe III -O and from 1.87 to 1.54 mdynes/Å for Fe III -S. The increase in the Fe-X distance, decrease of the Fe-X bond covalency, and decrease of the Fe-X bond force constant indicate that the axial H-bonding interaction significantly weakens the Fe-X bond. However, the energy of the H-bonding interaction evaluated from the H 2 O H-bonded system ( Figure  7C and Table 5 ) is -25 kcal/mol for the Fe III -O complex and -12 kcal/mol for the Fe III -S complex, indicating that in both cases, despite the weakening of Fe-X bonds, the overall process is energetically favorable. 49, 50 Insight into these Fe-X and H-bonding energies can be obtained from the following bondenergy decomposition scheme (Scheme 1).
The Fe-X bond energy in absence of the H-bonding (Scheme 1, left) is much higher for Fe III -O (-102 kcal/mol) than for (48) Note that there will be some contribution to the differences in Fe-O and Fe-S bonding energy from the differences of binding energy of the tridentate ligand between the Fe-O and the Fe-S complexes. To the left, the non-H-bonded ligand is bound to Fe III L (Fe III bound to the non-H-bonding tetra-dentate ligand L) to form LFe III -X, which is then H-bonded to three H2O molecules, while to the right the X is first H-bonded to three H2O molecules and then bound to Fe III L. The energies are estimated using a PCM model with CH2Cl2 as solvent.
Fe III -S (-62 kcal/mol), and on H-bonding, the systems stabilize by -25 kcal/mol and -12 kcal/mol, respectively. Alternatively, if we first allow for the H-bonding to the O 2-and the S 2-ions (Scheme 1, right), their bonding energies with the Fe III fragment is significantly reduced to -83 kcal/mol and -55 kcal/mol, respectively. However, the H-bonding energies of the bare O 2-and the S 2-ions are very high, -44 kcal/mol and -19 kcal/ mol, respectively, which compensate for the loss of Fe-X bond energy and result in the overall stabilization of the H-bond (Scheme 1 right, Table 5 ). 51 The high H-bonding energy of the O 2-ion relative to the S 2-ion results from the stronger Coulombic interaction of the O 2-with the water dipoles as the charge density on the oxo is higher and the H···O distances are about 0.7 Å shorter than the corresponding H···S distances. 52 This dramatic reduction of Fe-X bond energy on H-bonding is reflected in the large increase of Fe-X bond length, reduction of Fe-X bond covalency, and decrease of Fe-X bond force constant. Also the larger reduction of the Fe III -O bond energy as compared to that of the Fe III -S bond contributes to its larger change in these properties.
The reduction of Fe-X bond covalency due to H-bonding with H 2 O can be simulated by using point dipoles for the water molecules. For both the S 2-and the O 2-complexes the Fe-X bond covalency decreases significantly by 70% (i.e. the ligand coefficient decreases in the Fe III 3d manifold from 81% to 69% in S 2-complex and from 73% to 57% in O 2-complex) of the decrease observed with H 2 O molecules (Table 5 ). The rest of the decrease in the ligand coefficient appears to reflect the covalent charge transfer from the X 2-to the O-H σ* orbitals of the H-bonded water molecules. 53 This indicates that the nature of the H-bonding interaction is mainly dipolar, in agreement with previous results, where the dipole stabilizes the charge on X 2-which reduces the covalency and weakens the Fe-X bond. 54 This is also evident from the increase of NPA charges on the X 2-ions on H-bonding (Table 5 ). These calculations also indicate that with both waters and point dipoles, the covalency is reduced in the π but not σ orbital (Table S2 , Supporting Information). This reflects that the orientation of the dipoles toward the π donor orbitals of X, which stabilizes these π donor orbitals in energy and decreases their overlap with the Fe 3d orbitals, resulting in the observed reduction in Fe-X bond covalency.
D. Properties of a Hypothetical Fe IV -Oxo Species. The electronic structure of an Fe IV -O complex with this ligand system, and the effects of H-bonding on it, have also been investigated using DFT calculations. The non-H-bonded complex is calculated to have an S ) 2 ground state and a shorter (1.66 Å) and very covalent Fe-O bond relative to the Fe III complex (93% vs 71% O 2p character, respectively). Compared to other non-heme Fe IV -O complexes, the Fe-O bond is longer (due to anionic amide donors) and the complex is high spin (due to the trigonal π donor ligand field). The Fe IV -O bond energy is about -187 kcal/mol, which is about 85 kcal/mol higher than the Fe III -O bond energy (-102 kcal/mol). Interestingly, the NPA charge on the oxo in Fe IV -O is almost neutral due to the increased covalency. High covalency leads to very weak H-bonding. The H-bonding energy of this complex is, in fact, less (calculated to be -1 kcal/mol in CH 2 Cl 2 solvent) relative to an Fe III -O complex (-7 kcal/mol in CH 2 Cl 2 solvent). 55 A bonding decomposition similar to Scheme 1 for the ferryl species shows that for Fe IV -O, the H-bonding energy of one H 2 O with the free O 2-(about -12 kcal/mol, Scheme S1, Supporting Information) is just enough to compensate for the loss of Fe IV -O bond energy (about 11 kcal/mol, as in Scheme S1) due to H-bonding and does not result in net stabilization.
Discussion
In this study XAS data and analysis have been used to evaluate results of DFT calculations on high-spin Fe III oxo, sulfide, and hydroxo complexes of [Fe III H 3 buea(X)] n-. The calculations are consistent with the XAS results and thus are used to evaluate Fe-X (X ) S 2-, O 2-, and OH -) bonding and the effects on H-bonding on Fe-S and Fe-O bonding.
The results show that although the Fe-S bond is more covalent (i.e. higher ligand character in the Fe 3d manifold) than the Fe-O bond, the Fe-O bond energy is much higher (-102 kcal/mol and -62 kcal/mol, respectively). From a simple MO description, the bond energy (BE) is given by R 2 ∆, i.e. the covalency scaled by the energy of the ligand donor orbitals involved. Since oxo is more electronegative than sulfide, the O 2p orbitals are deeper in energy than the S 3p orbitals and thus though the total covalency of the oxo is lower it still has a larger covalent contribution to the bond energy. The strength of the Fe-O bond also has a significant contribution from the increased ionic nature of the Fe-O bond, which is facilitated by higher charge density on the oxo and shorter Fe-O bond length. This difference is estimated to be approximately 25 kcal/ mol in the non-H-bonded complexes. 56 Inclusion of H-bonds polarizes the Fe-X bonds and localizes charge density on X which weakens the Fe-X bond and results in lowering of the Fe-X bond energies, force constants, and covalencies. However, the overall H-bonding energy is favorable even with the weakened Fe-X bonds. Scheme 1 shows that this overall stabilization results from the compensation of the lowering the Fe-X bond energy by the large energy of H-bonding to the oxo/sulfido group. For both the oxo and sulfido complexes, the H-bond is mainly dipolar and selectively affects the Fe-X π bonds due to their favorable orientation with respect to the H-bonded dipoles. The Coulombic nature of the interaction leads to a stronger H-bond in the oxo complex due to its shorter O···HN H-bonding distance and high oxo charge, which in turn weakens the Fe-O bond more than the Fe-S bond upon H-bonding.
Terminal metal-oxo units are normally stabilized via multiple bonds between the metal ion and the oxo ligand. This type of bonding often produces low-spin complexes with relatively short M-O bonds. A recent proposal has suggested that in some cases H-bond(s) to the terminal oxo ligand could be used in stabilizing metal-oxo complexes. 18 The H-bonds would decrease the multiple bond character of the M-oxo unit, resulting in highspin complexes with longer M-O bondssproperties such as those found in [Fe III H 3 buea(O)] 2-. These predictions are consistent with the results presented here. The properties of the Fe III-O bond, such as the reduced covalency and weakened Fe-O bond, are often associated with complex instability; however, in [Fe III H 3 buea(O)] 2-they are offset by the overall stabilization gained via formation of the H-bonds.
The regulatory effects of H-bonds to terminal oxo ligands have been proposed to be important in metalloproteins. This proposal prompted us to examine the bonding in a related, but hypothetical, Fe IV-oxo complex, containing [H 3 buea] 3-and one H-bonded H 2 O molecule. The H-bonding energy in this Fe IV -O complex is significantly reduced (-1 kcal/mol) relative to the corresponding Fe III -O complex (-7 kcal/mol for 1 H 2 O) due to strong covalency of the iron-oxo bond in the ferryl species, which reduces the charge on the oxo ligand. 57 This could be significant for Fe IV dO intermediates in non-heme Fe enzymes. However, relatively little is known about these intermediates as only recently some low-spin models and a high-spin enzyme intermediate have been characterized. [58] [59] [60] [61] However Fe IV dO intermediates have been studied in heme systems. We calculate a similar weak H-bonding energy (∼ -0.7 kcal/mol) for an Fe IV -O porphyrin complex (with acetonitrile as the axial ligand) for both the S ) 2 state (for direct comparison with the nonheme system) and S ) 1 state (experimental ground state). This indicates that the very covalent Fe IV -O bond in both heme and non-heme ligand environments allows for only weak H-bonding. However, using resonance Raman spectroscopy at different pH's, effects of H-bonding by a protonated histidine residue have been observed. 62 With a charged imidazole, the calculated H-bonding energy of the heme Fe IV -O species increased to -6.2 kcal/mol. For a non-heme Fe IV -O group this is calculated to be -10.1 kcal/mol. 63 This suggests that for a significant H-bonding interaction with an Fe IV dO species (heme or nonheme) the donor should be protonated.
In summary, the Fe III -O bond is stronger than that of an Fe III -S bond due to the ionic contribution that also leads to the stronger H-bonding interaction of the Fe III -O species. Upon oxidation, the Fe IV -O is highly covalent which reduces the charge on the oxo ligand and decreases its ability to H-bond. 
